ONE OF THE MAJOR technological goals in neuroscience is the measurement of neuronal population activity in the intact brain at high resolution. Classical systems physiology can show single-unit activity correlates of behavior (Hubel and Wiesel 1959) . However, complex behavior involving widely distributed brain circuits, including those for perception, sensorymotor integration, learning and memory, executive function, and mental state, involves the recruitment of large-scale neuronal assemblies into transient states of coherent electrical activity across cortex (Gray et al. 1989; Hebb 1949; Murthy and Fetz 1992) . In neurology it is well established that behavior and mental state correlate with the synchronous activity of neuronal populations measured in the electric (EEG) or magnetic (MEG) cortical encephalogram (Huber et al. 2004; Miltner et al. 1999) . Indeed, EEG-based neuroprosthetics (Wolpaw et al. 2002) , brain stimulation methods (Massimini et al. 2007) , and optogenetic approaches (Boyden et al. 2005; Fenno et al. 2011) all rely on the role of synchronized population activity for the generation of behavior.
EEG, MEG, and local field potentials (LFPs) report fast cortical ensemble activity with millisecond precision. However, these recording techniques suffer from poor spatial coverage and resolution due to limitations in electrode numbers and volume conduction of extracellular currents (Buzsaki et al. 2012 ). An alternative approach to measuring population activity is voltage-sensitive dye imaging (Salzberg et al. 1977) . This technique permits the optical recording of encephalographic data from head-fixed animals, including rodents Xu et al. 2007 ) and nonhuman primates (Slovin et al. 2002) , but in principle also from freely moving animals (Ferezou et al. 2006 ). This technique relies on voltage-sensitive lipophilic dyes (Cohen and Salzberg 1978 ) that when applied to the cortex nonselectively stain cell membranes in all cell types and produce a voltage-dependent fluorescence signal (Grinvald and Hildesheim 2004; Shoham et al. 1999) . Like EEG, MEG, and LFP recordings, traditional voltage-sensitive dye imaging is, therefore, unable to distinguish the specific functions of different neuronal classes.
Genetically encoded fluorescent voltage indicators offer a solution for overcoming this limitation by enabling records of neuronal activities with cell type and circuit specificity Knöpfel et al. 2006) . Genetic engineering and targeting approaches have several additional advantages over organic dyes. For instance, staining of brain tissue with organic dyes for in vivo experiments usually involves invasive procedures such as craniotomy for delivery of the dyes and organic solvents for the lipophilic organic dyes, whereas the use of genetically encoded indicators eliminates the need for these harmful procedures. The most important advantage of "genetic staining," however, is probably that it is permanent, facilitating long-term (chronic) experiments. The first prototypical genetically encoded voltage indicators were reported many years ago (Ataka and Pieribone 2002; Sakai et al. 2001; Siegel and Isacoff 1997) , but only more recently after the development of voltage-sensitive fluorescent proteins (VSFPs) (Dimitrov et al. 2007; Lundby et al. 2008; Mutoh et al. 2009; Tsutsui et al. 2008 ) based on the voltage-sensing domain (VSD) of Ciona intestinalis voltage sensor-containing phosphatase (Ci-VSP) has it become possible to obtain a reliable optical readout of voltage signals from neurons in brain slices and in living mice (Dimitrov et al. 2007; Lundby et al. 2008; Perron et al. 2009 ).The best VSFPs for in vivo recording are presently the variants VSFP2.3 (Dimitrov et al. 2007 ) and VSFP2.42 ) featuring a cyan/yellow and a yellow/far red FRET reporter, respectively, with the FRET reporter linked in tandem to the S4 transmembrane segment of the Ci-VSP voltage sensor Perron et al. 2012) .
While VSFPs offer the key advantage of genetic control of expression in target cells, they have the potential for further functional customization. Like voltage-gated ion channels, VSFPs activate with a sigmoidal voltage dependence as a consequence of the voltage-sensing mechanism that involves transition of the voltage sensor from a deactivated configuration, with the sensing charge facing the intracellular environment, to an activated configuration, with the charge facing the extracellular side ). As a consequence, the sensitivity of VSFPs to measure small voltage changes levels off at voltages far from the voltage of half-activation (V 1/2 ), where their sensitivity is maximal. For the very same reason that nonlinearity of activation is essential for functional specialization and diversity of ion channels, VSFPs can in principle be tuned to customized profiles. For example, VSFP2.3 and VSFP2.42 exhibit half-activation at Ϫ30 mV in neurons shifted from ϩ80 mV in VSFP2.0 by a R217Q point mutation in S4 of the voltage sensor of Ci-VSP (Dimitrov et al. 2007) .
We reasoned that engineering a further shift toward negative voltages would bring the range of maximal sensitivity of the VSFP probe in closer registration with small-amplitude voltage fluctuations observed around the typical neuronal resting membrane potential and would therefore specifically enhance the detection of subthreshold electrical activity. We hypothesized that this modification would enable VSFP recording of subthreshold population activity commensurate with the range of data traditionally obtained with EEG, MEG, LFP, and voltagesensitive dye recordings.
Here we describe the properties and practical use of a new voltage-sensitive protein called VSFP-Butterfly 1.2 engineered to report subthreshold voltage fluctuations in neurons. VSFPButterfly 1.2 enables optical recordings at high spatial resolution with intrinsic assignment of recorded signals to VSFPtargeted cell populations. We demonstrate the utility of this approach by showing proof of principle results in several experimental systems including gamma oscillations in hippocampus CA3 in vitro and cortical slow wave oscillations in vivo.
MATERIALS AND METHODS
Animal welfare. Experimental protocols were approved by the Institutional Animal Care and Use Committee of the RIKEN Wako Research Center and were conducted in accordance with National Institutes of Health guidelines for animal research.
Plasmid constructs. VSFP-Butterfly variants were generated by overlap-extension PCR. First, the coding sequence of mKate2 was amplified with a forward primer comprising a NheI site and a reverse primer containing a sequence complementary to position 2, 70, or 96 of the VSD of Ci-VSP. Second, the VSD was amplified with a sense primer with a sequence complementary to the COOH-terminal part of mKate2 and an antisense primer encoding a NotI site. The first and second PCR fragments were then fused together using the NheI-and NotI-containing primers through a third PCR reaction. VSFPButterfly⌬1, VSFP-Butterfly 1.0, and VSFP-Butterfly⌬95 were finally obtained by substituting the VSD in pcDNA3.1-VSFP3.1_mCitrine ) with the third PCR fragments using NheI and NotI restriction endonucleases (New England Biolabs). VSFP-Butterfly 1.2 was generated by first amplifying the sequence encoding the 18-aa Golgi-export motif from Kir2.1 (RIKEN Fantom 3 clone B130011I15) with a pair of forward and reverse primers comprising a NheI restriction site and a sequence complementary to the NH 2 -terminal portion of VSFPButterfly 1.0, respectively. Second, VSFP-Butterfly 1.0 was amplified with a forward primer comprising a sequence complementary to the COOH-terminal portion of the Kir2.1 Golgi-export motif and a reverse primer containing an AflII site. The entire cDNA of VSFPButterfly 1.2 was amplified by overlap-extension PCR using the NheI and AflII site-containing primers and a mixture of the first and second PCR fragments. VSFP-Butterfly 1.0 and VSFP-Butterfly 1.2 were subsequently subcloned into a pCAG vector (Matsuda and Cepko 2004 ) (Addgene) using NheI and AflII restriction endonucleases (New England Biolabs) for in utero electroporation experiments.
Cell culture and transfection. PC12 cells were grown in Dulbecco's modified Eagle's medium supplemented with a mixture of 5% fetal calf serum-10% horse serum and plated onto poly-D-lysine-coated coverslips. Transfections were carried out 24 h after plating with Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. Experiments with PC12 cells were carried out 48 h after transfection.
Voltage-clamp recording from PC12 cells. A coverslip with transfected PC12 cells was placed in the recording chamber of an upright fluorescence microscope and superfused with (in mM) 150 NaCl, 4 KCl, 1 MgCl 2 , 2 CaCl 2 , 5 HEPES, and 5 D-glucose (pH 7.4 with NaOH) at 32-34°C. Whole cell recordings were performed with an Axon 700B Multiclamp amplifier (Molecular Devices) in voltageclamp mode at 70 -90% series resistance compensation. Borosilicate glass electrodes (resistance of 2.5-3.5 M⍀) were pulled on a twostage vertical puller (PC-10, Narishige) and filled with (in mM) 130 CsCl, 1 MgCl 2 , 20 HEPES, 5 EGTA, and 3 MgATP (pH 7.2 with CsOH). Data were sampled at 10 kHz with Clampex software (Molecular Devices). Optical signals were acquired in the same configuration used for slice recordings (see below).
In utero electroporation. In utero electroporation of pCAG-VSFP plasmids was performed as previously described . The electroporation protocol targeted excitatory but not inhibitory neurons mainly in layer 2/3 (Petreanu et al. 2009 ).
Confocal imaging. Confocal laser scanning microscopy was performed with the C1 spectral imaging system (Eclipse C1Si, Nikon) equipped with ϫ4 (NA 0.1), ϫ40 (NA 0.75), and ϫ60 (NA 0.85) objectives. Imaging was carried out with a 488-nm argon laser. PC12 cells were imaged with either a three-channel photomultiplier for evaluating the expression patterns of the constructs or a spectral detector (24 channels) for acquisition of emission spectra. Imaging of paraformaldehyde-fixed (2% in PBS) brain sections was carried out with a three-channel photomultiplier. Fluorescence images were processed with Image-Pro 6.2 and EZ-C1 viewer (Nikon) software.
Slice electrophysiology and in vitro optical imaging. Acute brain slices were prepared from electroporated 18-to 24-day-old mice. For the preparation of coronal slices of somatosensory cortex, mice were terminally anesthetized (ketamine 250 mg/kg ϩ xylazine 30 mg/kg im) and transcardially perfused with 5-10 ml of ice-cold sucrosebased saline (SBS; in mM: 252 sucrose, 3 KCl, 2 CaCl 2 , 1 MgSO 4 , 1.25 NaH 2 PO 4 , 24 NaHCO 3 , and 10 D-glucose, oxygenated with 95% O 2 -5% CO 2 ). SBS-perfused mice were decapitated, and brains were immersed in ice-cold SBS. Coronal slices (300 m) were cut with a Vibratome (Leica VT1200S, Leica Microsystems) and stored in artificial cerebrospinal fluid (ACSF; 23-25°C) containing (in mM) 126 NaCl, 3 KCl, 2 CaCl 2 , 1 MgSO 4 , 1.25 NaH 2 PO 4 , 24 NaHCO 3 , and 10 D-glucose, equilibrated with 95% O 2 -5% CO 2 . After Ͼ1 h of recovery, single slices were transferred into the recording chamber mounted on an upright microscope (E600FN, Nikon) and superfused (3 ml/ min) with ACSF containing 1 M tetrodotoxin (Alomone Labs) at 32-34°C when cells were recorded in voltage clamp. Borosilicate glass electrodes (resistance of 4 -5 M⍀) contained (in mM) 110 K-gluconate, 10 Na-gluconate, 4 NaCl, 10 HEPES, 4 MgATP, 0.3 Na 3 GTP, and 10 Tris-creatine-phosphate at pH 7.2 for current clamp and 130 CsMeSO 4 , 8 NaCl, 10 HEPES, 0.5 EGTA, 4 MgATP, 0.3 Na 3 GTP, and 6 QX-314 at pH 7.2 for voltage clamp. Whole cell recordings were performed with an Axon 700B Multiclamp amplifier (Molecular Devices) without correction of measured voltages for liquid junction potential. Hippocampal slices were prepared with the same procedures with SBS modified to (in mM) 252 sucrose, 2.5 KCl, 1 CaCl 2 , 4 MgCl 2 , 1.43 NaH 2 PO 4 , 26 NaHCO 3 , and 10 D-glucose and ACSF solution modified to 129 NaCl, 3.5 KCl, 1.5 CaCl 2 , 1.5 MgCl 2 , 1.25 NaH 2 PO 4 , 24 NaHCO 3 , and 10 D-glucose. Transverse hippocampus slices (400 m) were stored for 30 min at 33°C and later on at 23-25°C in a submersion type of storage chamber. To maximize oxygenation, slices were placed on lint-free paper (lens cleaning paper, Kodak) during recordings using high ACSF superfusion rates (Ͼ10 ml/min). Oscillation of the CA3 network was induced by 50 -100 nM kainic acid (Tocris) added to the ACSF superfusate. The extracellular potential was recorded with a borosilicate glass electrode filled with ACSF (1.2-2 M⍀). Fluorescence was excited by light from a high-power xenon lamp with a computer-controlled monochromator (Polychrome IV, TILL Photonics) or a feedback-stabilized LED light source (LEX 2, Brain Vision, Tokyo, Japan). Excitation light (495 nm) was passed onto the sample through a 515-nm dichroic mirror. Emitted light was split by a second 593-nm dichroic mirror into yellow and red channels with emission filters (542/27 and LP594, Semrock). Fluorescence transients were acquired with a photodiodebased photometry system (TILL Photonics) or a cooled CCD camera (QuantEM, Roper Scientific) using a ϫ60 (NA 1.0) or ϫ10 (NA 0.3) water immersion objective (both Nikon Fluor) for single-cell and population recordings, respectively. Fluorescence responses were corrected for photobleaching and/or photoconversion with exponential fits to the baseline fluorescence (segments before and after responses to voltage transients). In the slice experiments, the drift in baseline due to photobleaching and/or photoconversion was usually Ͻ0.5% per second of illumination. Fluorescence responses were (after photobleaching and/or photoconversion correction) expressed as relative deviation from basal fluorescence (⌬F/F 0 ) or basal fluorescence ratio (⌬R/R 0 ), respectively. Clampex software (Molecular Devices) was used for data acquisition and for the synchronization of stimulus delivery and image acquisition. Stimuli from a pulse generator (Master8, A.M.P.I.) were delivered through a glass electrode (0.8 -1.5 M⍀) filled with ACSF. Data were sampled at 10 kHz with a 5-kHz low-pass filter. Image sequences were acquired with custom macros under Image-Pro Plus 6.2 (Media Cybernetics) at a frame rate of 100 Hz (128 ϫ 128 pixels). The sensitivity of VSFP probes is calculated from the slope of the Boltzmann fit to the V-R relationship between membrane voltage measured with the microelectrode and ⌬F/F 0 .
In vivo optical imaging. Adult mice (30 -120 days) were deeply anesthetized with urethane (1.3 g/kg ip) and tracheotomized or deeply anesthetized with pentobarbital (0.9 g/kg ip) without tracheotomy. Soft tissue was retracted to expose the cranial bone, and a metal bolt was glued to the frontal cranial bone with dental cement. During experiments, the head of the animal was fixed by clamping the bolt in a stereotaxic frame. For transcranial imaging, the bone was carefully thinned over one hemisphere until a transparent window was obtained over the somatosensory cortex. In most experiments, the window was reinforced and the bone prevented from drying by gluing a small piece of cover glass over the thinned skull (Drew et al. 2010) . During the whole experiment, the animal was placed on a heating pad and the body temperature was held at 37°C through feedback temperature control (Fine Science Tools, Tokyo, Japan). Respiration was monitored by an optoelectronic motion detector directed toward the thorax of the animal to check for motion artifacts in the optical recordings. Recordings in which the possibility of movement artifacts (e.g., in awake mice) could not be excluded were discarded. The EEG was recorded via a small pin cemented into a small hole in the skull (contralateral EEG) or a silver wire (local EEG, insulated by Teflon except at the tip, which was electrolytically coated with AgCl). EEG recordings were obtained against a hemicircular Ag/AgCl reference electrode mounted around the optical window with Axopatch 200B (Molecular Devices) headstages and amplifiers. All Signals (including the CCD frame signal) were sampled with a multichannel A/D converter (Digidata 1322) and pCLAMP software (Molecular Devices). Imaging data were acquired with two synchronized CCD cameras (Sensicam, PCO) for dual-channel fluorescence imaging together with a tandem lens macroscope and a high-power halogen lamp (Moritex). The recording optics included the following pass filters and beam splitters: FF01-483/32-25 for mCitrine excitation (Semrock), FF01-542/27-25 for mCitrine emission (Semrock), BLP01-594R-25 for mKate2 emission (Semrock), 515LP as excitation beam splitter, 580LP as detection beam splitter. During recording sessions, image sequences of 30 s (80 ϫ 30 pixels at 190 fps) were acquired at 10-min intervals starting with the animal in the deeply anesthetized state as indicated by an absence of reflexes to tail and limb pinches. Pentobarbital anesthesia ceased within 60 -90 min, after which the animals started motor activity. At this point, the animals were either reanesthetized for continued experimentation or released to their home cage. In each case, the last recorded trial was obtained with the animal in the postanesthetized state of quiet alertness characterized by an absence of motor activity (e.g., active whisking) but strong behavioral responses to weak tactile stimuli. In a subgroup of experiments, sensory-evoked signals were recorded in the deeply anesthetized state in response to single mechanical deflection (2 ms, Ͻ2°) of the contralateral C1 whisker (other whiskers cut) as described by Akemann et al. (2010) . In this case, image sequences were acquired for 4 s (320 ϫ 240 pixels at 50 fps) for a total of 50 trials with 15-s intertrial delays. Experimental data were analyzed with MATLAB 7 and signal processing toolboxes (MathWorks). EEG signals were low-pass filtered with a zero-phase lag FFT filter with 10-or 20-Hz cutoff. Ratio images were obtained by dividing mKate2 by mCitrine after subtraction of camera offsets and normalized by the average of the prestimulus sequence or of the total sequence. Displayed images were spatially filtered with a 12 ϫ 12 averaging kernel. Photobleaching was negligible (and not corrected for) with illumination intensities used for the in vivo experiments (Ͻ1% for 60-s continuous illumination).
Correction of in vivo FRET signals for hemodynamic noise by noise gain equalization.
To remove residual hemodynamic noise from VSFP-FRET recordings we equalized the noise gain in the donor and acceptor channels by rescaling both signals. Thus, withD and Â denoting rescaled donor and acceptor signals, respectively, we applied the following scale transformation to the differential donor (⌬D) and acceptor (⌬A) fluorescence amplitudes:
with D 0 and A 0 the basal fluorescence of the donor and the acceptor and scale factors S D and S A :
with g D HN :ϭ ⌬D HN /D 0 , the gain of hemodynamic noise (HN) in the donor channel, g A HN :ϭ ⌬A HN /A 0 , the noise gain for the acceptor channel, and ⌬D HN and ⌬A HN , the mean amplitudes of HN noise in the donor and acceptor channels, respectively. This transformation equalizes the noise gain to the geometric mean of the gain in both channels; thus from Eqs. 1 and 2, ĝ D
. We applied the equalization to every pixel of the donor and acceptor image sequence, using constant scale factors calculated from Eq. 2 with ⌬D HN and ⌬A HN values obtained from the FFT amplitude of the heart rate noise signals sampled from the entire image.
RESULTS
To design an optimal VSFP probe for application analogous to voltage-sensitive dyes but with the possibility of targeting specific classes of cells, we focused on three criteria: 1) maximum sensitivity of the probe matching the voltage near firing threshold range of Ϫ70 to Ϫ50 mV with a sufficiently large dynamic range to enhance the responsiveness of the probe to small-amplitude, subthreshold voltage transients; 2) sufficient speed of responsiveness to report fast synaptic excitation and electrical membrane oscillations into the gamma frequency range (i.e., above 15-20 Hz); 3) sufficient signal-to-noise ratio (S/N) for robust in vivo recordings to overcome intrinsic noise resulting from tissue motion and hemodynamic signaling encountered in vivo in excess of detection limits set by photon shot noise.
Development and biophysical properties of VSFP-Butterfly 1.2. The previously reported FRET-based VSFP2.3 and VSFP2.42 use mCerulean/mCitrine and mCitrine/mKate2 pairs of fluorescent proteins, respectively. The mCitrine/mKate2 pair offers a larger Förster radius (5.8 vs. 5.4 nm) and the inherent advantage of red-shifted reporters to evade contributions from blue-green tissue autofluorescence. To search for gain-shifted probes, i.e., probes with a negatively shifted fluorescencevoltage relationship, we therefore focused on modifying VSFP2.42, bearing a mCitrine/mKate2 pair. We identified a promising gain-shifted VSFP when exploring the effect of moving the FRET acceptor in VSFP2.42 from the COOH terminus of the mCitrine donor to the NH 2 -terminal end of the voltage sensor domain without modifying the voltage sensor itself (Fig. 1A) . We reasoned that it was unlikely that the full NH 2 -terminal sequence of Ci-VSP (94 aa) would bring the acceptor (mKate2) close to the Förster radius distance of mCitrine, while truncation of the whole intracellular NH 2 terminus might interfere with correct folding and membrane insertion of the VSD. Indeed, NH 2 -terminal fusion of mKate2 at position 2 of the VSD (VSFP-Butterfly⌬1) resulted in a construct with efficient membrane targeting but no significant FRET, while fusion at position 96 (VSFP-Butterfly⌬95) resulted in a construct with a substantial baseline level of FRET but with no targeting to the plasma membrane upon expression in PC12 cells (Fig. 1, B and C). We tested intermediate positions and found that fusion of mKate2 at position 70 of the VSD (VSFP-Butterfly⌬69 aka VSFP-Butterfly 1.0) resulted in membrane targeting and baseline FRET both comparable to VSFP2.42 (Fig. 1D) . Expression of VSFP-Butterfly 1.0 in acute brain slices from electroporated mice, however, revealed the presence of scattered dense fluorescent clusters that were not noticeable in PC12 cells (Fig. 1E) . We previously noted that intracellular aggregates are typical for VSFP variants involving anthozoan-derived fluorescent proteins, including VSFP2.42 . To address this issue, we explored several molecular motifs known to be involved in the regulation of membrane protein trafficking (Gradinaru et al. 2010) and found that fusion of the Kir2.1 inward rectifier potassium channel Golgi export motif (Stockklausner and Klocker 2003) to the NH 2 terminus of VSFP-Butterfly 1.0 (i.e., VSFP-Butterfly 1.2) resulted in the disappearance of most dense fluorescent clusters (Fig. 1F) and superior targeting to the plasma membrane (Fig. 1G) . Moreover, the absence of fluorescent aggregates and localization to neuronal membranes was maintained in adulthood, e.g., in mice older than 6 wk. VSFP-Butterfly 1.2 exhibits voltage-dependent FRET with a decrease in mCitrine (donor) and an increase in mKate2 (acceptor) emission upon membrane depolarization tested in voltage-clamped PC12 cells ( Fig. 2A) . The FRET response covers the voltage range of Ϫ140 to ϩ60 mV with a total dynamic range of mKate2-to-mCitrine emission ratio (⌬R/R 0 ) of 15 Ϯ 0.7% (16 cells), comparable to 13.5 Ϯ 1% (10 cells) in VSFP2.42 (Fig. 2B) . Compared with VSFP2.42, Butterfly 1.2 indeed activates at more negative potentials evidenced by a negative shift of the activation curve ( Fig. 2C ) with Ϫ79 Ϯ 2 mV as V 1/2 versus Ϫ50 Ϯ 2 mV for VSFP2.42 (P Ͻ 0.001; Fig.  2D ), while both probes share similar kinetics of voltage response involving a fast (2-8 ms) and a slower (10 -90 ms) time constant, both varying with membrane voltage (Fig. 2, E-G) . Since VSFPs offer maximal voltage sensitivity at half-activation, given by the slope of the activation curve at V 1/2 (22.2 Ϯ 1.0% per 100 mV in VSFP-Butterfly 1.2), VSFP-Butterfly 1.2 is well-tuned to report membrane voltage fluctuations at negative potentials with maximal gain, consistent with a probe that could be useful for optical recordings of population voltage fluctuations. Furthermore, this variant offers the most effective membrane localization in neurons of current VSFPs and hence reduced optical noise from nonresponsive probe fluorescence compared with previous VSFPs that used red-shifted fluorescence reporters Tsutsui et al. 2008) .
VSFP-Butterfly 1.2 characterization in neurons of acute cortical brain slices. To evaluate the voltage-reporting function of VSFP-Butterfly 1.2 when expressed in intact brain tissue, we prepared acute cortical brain slices from mice electroporated in utero at E15.5 and characterized the FRET responses in patchclamped layer 2/3 pyramidal cells. In these experiments, fluorescence was monitored over the cell body and proximal dendrites as illustrated in Fig. 3A . In voltage-clamped cells, depolarizing voltage steps (duration of 200 ms) resulted in a ratiometric mKate2/mCitrine signal (⌬R/R 0 ; Fig. 3B ) with sigmoidal voltage dependence (Fig. 3C) and total dynamic range of 3.2 Ϯ 0.6%, V 1/2 of Ϫ69 Ϯ 3 mV, and maximal slope at half-activation of 4.2 Ϯ 0.5% per 100 mV (12 cells). The lower apparent sensitivity measured in brain slices compared with monolayer cultures arises as expected from the contribution of nonactivated cells to the baseline fluorescence (used to normalize the signals) in the brain slice. To test the response of Butterfly 1.2 to physiological patterns of neuronal electrical activity, we recorded fluorescence from current-clamped layer 2/3 pyramidal neurons in response to intracellular current injection and extracellular presynaptic stimulation. In response to a 5-s intracellular current pulse, the Butterfly 1.2 signal reported most clearly the slow passive polarization of the membrane as large-amplitude responses at the beginning and end of the stimulus (Fig. 3D) . In addition, evoked trains of action potentials gave rise to clearly detectable responses in single sweeps, albeit with small ⌬R/R 0 amplitude (0.3 Ϯ 0.04%; 6 cells) (Fig. 3, D and E) . Next, we recorded the fluorescence responses of VSFP-Butterfly 1.2 to an extracellular stimulus applied by a microelectrode in layer 2/3 Ͼ300 m from the recorded cell. Somatic EPSPs were clearly detected in single sweeps (Fig. 3F) and in response to 10-Hz and 40-Hz stimulus trains (Fig. 3, G and H) . Finally, to explore voltage imaging from populations of cells, we imaged cortical slices at low magnification while delivering a single electrical stimulus between layer 6 and the white matter (Fig. 3I) . The amplitude of the evoked optical signal ranged from 1% to 1.5% ⌬R/R 0 (5 slices from 3 mice) (see Fig. 3 , J and L) and up to 11% ⌬R/R 0 , close to the full dynamic range of the probe, after application of the GABA A antagonist gabazine to disinhibit pyramidal cells (Fig. 3 , K and M; 5 slices). Although disinhibited slices are of little relevance as a physiological model, these results convey the important insight that the ⌬R/R 0 values measured in brain tissue from electroporated mice not only reflect the sensitivity of the probe but also depend on the fraction of labeled cells recruited and, in addition, may explicitly depend on the duration of the voltage transients. In light of these results, we find that Butterfly 1.2 probes fluctuation of membrane voltage in neurons close to the resting potential with high sensitivity and activates sufficiently fast to track synaptic potentials up to gamma frequencies.
Optical recording of membrane voltage oscillations in neurons.
For proper optical recordings of neuronal oscillations, it is important to consider the frequency-response relationship of the probe. Given the 40-Hz versus 10-Hz stimulus train re- sponses in single pyramidal cells (Fig. 3, G and H) we expect some gain attenuation at higher oscillation frequencies. However, analysis of the gain-frequency relation based on recordings of phased synaptic input is complicated by the slow buildup of membrane potential during tetanic stimulation (see Fig. 3, G and H) . To support quantitative analysis, we recorded the response of Butterfly 1.2 to sinusoidal voltage waveforms of 10 -50 Hz in voltage-clamped PC12 cells (Fig. 4A) . As expected, the response to increasing frequency shows an attenuation and a phase shift (Fig. 4, B-D) , with the response to 50 Hz retaining 42 Ϯ 1% (7 cells) of the amplitude of the response to 10 Hz (Fig. 4D) . Notably, the measured frequency response (Fig. 4D ) reveals no significant difference of attenuation between 30 and 50 Hz within the gamma frequency band of membrane voltage oscillation in neurons. To directly test the feasibility of optical recording of synchronous neuronal oscillations we turned to an acute brain slice model of gamma oscillations in the CA3 network of the hippocampus (Fisahn et al. 2004; Leao et al. 2009 ). Using in utero electroporation, we expressed Butterfly 1.2 in the hippocampus (Navarro-Quiroga et al. 2007) , giving rise to robust expression in pyramidal neurons in CA1 to CA3 (Fig. 5, A  and B) . The expression pattern showed some variability between animals, and in several cases we also noted expression in nonpyramidal cell types, putatively interneurons. We placed a recording electrode close to the pyramidal cell layer of CA3 and sampled fluorescence signals at various positions within CA3 (Fig. 5C ). Bath application of the kainate receptor agonist kainic acid produced persistent gamma band oscillations of the LFP in the CA3 region (Fig.  5D) . The Butterfly 1.2 signal optically sampled from three laminar layers of CA3, stratum radiatum, pyramidale, and oriens, showed peaks in the ⌬R/R 0 spectra at 25 Hz identical to the LFP peak frequency recorded at the border of radiatum and pyramidale (4 slices), with no significant difference in oscillation amplitude between layers (Fig. 5, D and E) . The alignment of averaged LFP and optical traces revealed a phase shift of the optical voltage signals versus the field potential (Fig. 5F ), in agreement with the view that the LFP reflects the extracellular current density associated with the transmembrane currents that change membrane voltage. The data suggest the utility of Butterfly 1.2 as an optical reporter Waveforms represent wave-triggered averages from a 60-s recording using the LFP signal as a trigger. The peak in LFP serving as a trigger for the alignment is marked with an arrow.
of synchronous electrical population oscillations, at least up to the low gamma range.
Imaging of sensory evoked electrical responses in somatosensory cortex. To evaluate VSFP-Butterfly 1.2-based voltage imaging in vivo, we first set out to record evoked electrical activity in the mouse barrel cortex in response to stimulation of a single whisker (Fig. 6A) . We prepared an optically transparent brain window over the primary somatosensory cortex (SS1) of electroporated mice (Drew et al. 2010) to optimize the imaging of the cortical surface through the thinned cranial bone (Fig. 6B) . As this approach avoids craniotomy, it maintains the intracranial pressure that stabilizes the brain and thereby helps to minimize motion-induced imaging artifacts. Numerous studies have shown that neurons in layer 2/3 of the so-called barrel cortex in SS1 receive excitatory input in response to whisker stimulation under a broad range of anesthetic conditions Petersen et al. 2003) . Transcranial imaging in deeply anesthetized mice, expressing VSFP-Butterfly 1.2 in pyramidal cells of layer 2/3, yielded cortical voltage responses to a single whisker deflection (D1 whisker) over an area approximately the size of a D1 barrel column (white circle, Fig. 6C ) in single trials (Fig. 6, D and E). Apart from the response evoked by the stimulus, the recordings also revealed spontaneous depolarization events that had no fixed temporal relationship with the stimulus (Fig.  6, D and E, asterisks) and increased in frequency with lower levels of anesthesia (see below). Compared with the singlechannel (mCitrine, mKate2) traces, the corresponding ratio traces exhibit superior S/N because the single channels carry a hemodynamic noise signal synchronized with the heart rate and positively correlated in both channels , which largely, though not completely, cancels in the ratio (Fig.  6, D and E) . Taking into account the wavelength dependence of hemodynamic noise would enable further major S/N improvement.
Correction for hemodynamic noise to increase S/N in vivo. Hemodynamic noise arises from in vivo voltage imaging as a consequence of the pulsatile mode of blood flow causing blood volume fluctuations at heart rate frequency (Grinvald et al. 1984; Orbach et al. 1985) . This vascular pulsation may result in noise originating from rhythmic tissue movement and in purely optical noise caused by rhythmic modulation of the absorbance in the optical path of excitation and emission light. Butterfly 1.2 signals recorded transcranially (Fig. 7A) as described above (Fig. 6, A and B) exhibit no movement-related noise synchronized to the respiration (Fig. 7 , B and C) but hemodynamic noise of heart rate frequency (5-10 Hz in the mouse) with about two times larger FFT amplitude (⌬F/F 0 ) in the mCitrine than the mKate2 signal (Fig. 7C) . Such a wavelength dependence is expected from optical but not movementrelated noise as a consequence of the larger absorbance of hemoglobin in the yellow (mCitrine emission) versus far red (mKate2 emission) spectral range. We developed a simple procedure to equalize the noise gains in the donor and acceptor channels that revealed the voltage signal free of hemodynamic noise reporting spontaneous depolarization events in nonstimulus trials with high S/N (Fig. 7D) . The method exploits the distinct correlations of voltage and noise signals as illustrated in the phase plot of the normalized acceptor versus donor signal. The resulting trajectory shows two components: the heart rate signal with positive correlation (positive slope) and the voltage signals with negative correlation (negative slope) (Fig. 7E) . Linear regression of the heart rate trajectory deviates from the slope of 1 (corresponding to points of constant ratio, i.e., equal decrease and increase in both channels). Equalizing the baseline-normalized fluctuations of acceptor and donor to their mean amplitude transforms the fluorescence trajectory to map the heart rate signal onto the line of constant ratio (slope 1) (Fig. 7F) , resulting in efficient cancelation of the noise component (Fig. 7D) . Together, these results indicate that we can correct for hemodynamic noise and thereby improve specific in vivo signals from Butterfly 1.2.
Optical electroencephalography of slow brain waves. To demonstrate the suitability of Butterfly 1.2 for in vivo optical EEG, we monitored the change of cortical slow wave properties in mice at varying levels of anesthesia. Imaging the cortical surface during nonstimulus trials (30 -120 s) with subsequent noise gain equalization resulted in recordings of sufficiently high S/N to allow reliable detection of cortical slow wave activity associated with the deeply anesthetized brain state to the state of quiet alertness . At shallow levels of anesthesia, VSFP-Butterfly 1.2 reported spontaneous and rhythmic depolarizing events in layer 2/3 pyramidal cells at a frequency between 1 and 6 Hz (Fig. 8, A and B) , 1 reminiscent of slow cortical waves previously recorded with EEG, LFP, and voltage-sensitive dye imaging (Minamisawa et al. 2009; Mohajerani et al. 2010; Wu et al. 2008) . The spatial features of this population activity varied from event to event and included propagating as well as stationary patterns. Propagating events typically had the appearance of a planar wave that crossed the imaged area as illustrated in Fig. 8A , with individual waves propagating in different directions. To relate these observations to classical measures of rhythmic cortical activity, we incorporated an EEG electrode into the optical brain window (marked by a yellow arrow in Fig. 8D ) together with a second electrode at the corresponding location of the contralateral hemisphere. In agreement with previous studies (Minamisawa et al. 2009) , the EEG signals of the two hemispheres (Fig. 8E) were correlated with each other as indicated by a significant cross-correlation (data not shown) and similar autocorrelation (Fig. 8F) . The optical signal (⌬R/R 0 ) exhibited a autocorrelation similar to that of the EEG signal (4 animals; Fig. 8F ) and significant cross-correlation, suggesting that they report similar features of neuronal activity (Fig. 8G) . The frequency of the population activity depended on the level of anesthesia applied to the animal. In the deeply anesthetized state, the pyramidal neuron population depolarized at low frequency and irregular intervals (Fig. 8H) , resembling the synchronous transitions of layer 2/3 pyramidal neurons between depolarized ("up") and hyperpolarized ("down") states typically seen in whole cell recordings (Petersen et al. 2003) . On the other hand, when the animal was in a state of quiet alertness (after recovery from anesthesia), the optical signal indicated rhythmic depolarization (Fig. 8I ) at frequencies between 4 and 12 Hz (7 animals), in agreement with previous reports (Poulet and Petersen 2008) . The example shown in Fig.  8 , A-G, represents an intermediate state of the cortical network characterized by slow wave population activity of 2-3 Hz that we typically observed under conditions of light anesthesia. Taken together, these experiments demonstrate proof of principle for the reliable measurement of brain waves in the delta to theta band range with the Butterfly 1.2 genetically targeted voltage probe. While the temporal content of the optical signal is compatible with EEG, Butterfly 1.2 offers superior spatial information regarding the topographical structure and cellspecific propagation of cortical oscillations. In addition, the optical encephalogram imaging provides a direct measure of membrane voltage signaling in a genetically targeted cell population of known identity, i.e., layer 2/3 pyramidal neurons in the present case, as opposed to traditional voltage-sensitive dye recordings, which are necessarily ambiguous and generally nonspecific regarding their cellular sources.
DISCUSSION
Here we show how VSFP-Butterfly, a genetically encoded voltage indicator specially tuned for optical imaging of subthreshold fluctuations in membrane potential, allows for detec- tion of voltage transients of genetically specified cell classes in a variety of experimental paradigms.
Butterfly 1.2 reports subthreshold potentials. A fundamental characteristic of VSDs of natural membrane proteins is their sigmoid activation curve, and this is also the case with the fluorescence-voltage relationship of VSFPs. Because of this nonlinearity, the output gain, i.e., the sensitivity of the probe to small-amplitude voltage fluctuations, unlike that of voltagesensitive dyes (Cohen and Salzberg 1978) , is a function of membrane potential. The steady-state gain is maximal at V 1/2 , the voltage of half-activation of the probe, and since VSFPButterfly 1.2 has negatively shifted V 1/2 it offers larger gain at resting membrane potentials compared with previous VSFP variants ). In the frequency domain, the gain of VSFP-Butterfly 1.2 is similar to that of a first-order low-pass filter with a corner frequency around 20 Hz. Because of this temporal filter property, VSFP-Butterfly 1.2 reports single-cell or population-level excitatory synaptic potentials (Fig. 3, F-H ) with higher gain than action potentials (Fig. 3 E , H, J) , consistent with its design to probe subthreshold membrane potential signaling.
Advantages of Butterfly 1.2 over traditional in vivo voltage imaging. The ability to target VSFP-Butterfly 1.2 to genetically selected cell classes is a distinct feature of VSFPs that traditional voltage-sensitive dyes cannot offer. A second valuable feature of FRET-based VSFPs is their ratiometric optical signal that provides a convenient means to remove movement and hemodynamic noise. In Butterfly 1.2 recordings hemodynamic noise is present in the donor and acceptor signals with distinct gain but is completely and robustly eliminated from the ratio signal after noise gain equalization (Fig. 7D) . The equalization procedure employs only linear scale transformations and therefore preserves the full bandwidth of the recorded data. It is suitably performed off-line, although real-time implementation would be straightforward as the noise gains are very stable across trials and, in our experience, between animal preparations. Another major advantage of Butterfly 1.2 over traditional voltage imaging techniques is the noninvasive or minimally invasive genetic staining, allowing us to image, in mice, through the polished bone and the intact dura with good spatial resolution. The transcranial imaging configuration greatly reduces correlated noise caused by movements and avoids the inflammatory effects of a duratomy.
VSFP-based optical electroencephalography. The cortical encephalogram imparts information about coherent states of cortical activity involving the synchronization of large numbers of neurons by coherent subthreshold electrical activity (Creutzfeldt et al. 1966; Gray et al. 1989; Klee et al. 1965) . Membrane potential synchrony is believed to organize the timing of spikes to create temporal associations between neurons and propagate information in the network (Singer and Gray 1995) . The underlying subthreshold dynamics is accessible to voltage imaging but not calcium imaging because calcium signals recorded from cortical neurons mostly reflect suprathreshold rather than subthreshold activity (Berger et al. 2007 ). The most highly synchronized state in mammalian cortex, referred to as slow wave activity (SWA), corresponds to the distinctive low-frequency brain rhythms in the EEG of mammals during non-rapid eye movement sleep (Blake and Gerard 1937) or under anesthesia (Steriade et al. 1993 ), but also during quiet alertness (Poulet and Petersen 2008) and in the alert state under high sleep pressure (Vyazovskiy et al. 2011) . Butterfly 1.2 imaging captured the wavelike patterns of SWA in the somatosensory cortex of anesthetized mice in accordance with earlier data from voltage-sensitive dye imaging, achieving comparable S/N Mohajerani et al. 2010) . By comparing the optical readout with simultaneous EEG recordings, we confirmed that both EEG and optical signals provided consistent information on the periodicity of SWA manifested by a significant degree of cross-correlation. On the other hand, the optical signal did not perfectly match the EEG signal even when measured by an electrode inside the imaged field of view. This is not surprising since the optical electroencephalogram reports membrane potential signaling of a specific cell population (layer 2/3 pyramidal cells in this case) averaged over a specified cortical area, whereas the EEG reflects membrane currents integrated over all cortical cell types in a region that probably extends far beyond the imaged field of view because of volume conduction. Transitions from deep anesthesia to wakeful quiescence were indicated by SWA of increasing frequency from below 2 Hz up to 12 Hz, covering the delta to theta range. The deepest anesthetized state, under our conditions, was associated with long intervals of hyperpolarized membrane potential that progressively shortened when the cortex shifted to states of increased activity corresponding to lower anesthesia level (see Fig. 8 ), reminiscent of a similar shift seen between the early and late phases of slow wave sleep (Vyazovskiy et al. 2009 ).
Our local EEG recordings in mice recovering from anesthesia and starting to show periods of whisking did not show much power at the beta (10 -30 Hz) or gamma (30 -80 Hz) spectral band, nor did the optical signals. Gamma band oscillations in mouse cortex have, however, been robustly seen in response to tonic applications of kainate or muscarinic receptor agonists in vitro (Buhl et al. 1998 ) and to tonic ChR2-mediated optogenetic excitation of layer 2/3 pyramidal neurons (Adesnik and Scanziani 2010) . On the other hand, gamma band activity remained faint in LFP recordings in mice in response to sensory input (Nase et al. 2003) , in stark contrast to higher mammals (Gray et al. 1989; Yu and Ferster 2010) , and notably was not observed in intracellular recordings from layer 2/3 pyramidal cells in mouse somatosensory cortex during active tactile exploration behavior (Poulet and Petersen 2008) . Given the indications that the mouse cortex in vivo may not engage in gamma oscillations, at least not as robustly as in higher mammals, we have chosen a hippocampus CA3 in vitro preparation to verify the ability of VSFP-Butterfly 1.2 to report sustained gamma oscillations. These results, together with the Butterfly 1.2 frequency-gain relationship (Fig. 4D) , suggest its utility for optical electroencephalography beyond the theta band, extending to the beta and lower gamma range when applied in higher mammals. Expression of Butterfly 1.2 in specific cell classes introduces a new experimental paradigm for the visualization of cortical population activity, adding an important element to optical approaches to the functional dissection of neuronal circuit dynamics.
